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© 2014 Elsevier B.V. All rights reserved.1. Introduction: The task of membrane insertion
Lipid membranes surround all living cells. Whereas Gram positive
bacteria have a single cell membrane, Gram negative bacteria possess
two, the inner and the outer membranes. Eukaryotic cells contain
numerous membrane-surrounded organelles and therefore can harbor
over 10 different membrane systems each speciﬁed by a unique set of
membrane proteins. Animal cells have the endoplasmic reticulum (ER),
the Golgi membrane, the plasma membrane, the lysosomal membrane,
the peroxisomal membrane, the nuclear envelope, and the inner and
outer mitochondrial membranes. Plant cells contain, in addition, the
chloroplasts with their inner and outer membranes and the thylakoid
membrane.
Besides lipids, membranes have numerous intrinsic proteins that play
vital roles for the cell and make up approximately 30% the entire prote-
ome in an organism [1]. They function in signaling, ion and sugar trans-
port as well as in respiration and photosynthesis. To ensure the proper
insertion of the proteins into the membrane, there are two main protein
transport systems in bacteria, namely, the Sec translocase and the YidCd; DM, decylmaltoside; Ea, acti-
gamma-aminobutyric acid; GES
nition particle; TIC, transporter
brane; TOC, transporter across
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ey.
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ights reserved.insertase. These translocases promote the translocation of hydrophilic do-
mains across the hydrophobic barrier of the membrane and allow the
membrane protein's TM segments to insert into the lipid bilayer. They
are found in all three domains of life.
This reviewwill focus on the YidC insertases and their role in the in-
sertion of proteins into the inner (cytoplasmic) membrane of bacteria.
We will also examine the evolutionarily conserved pathways of YidC
homologues in mitochondria and chloroplasts.
2. The membrane insertase YidC
The Escherichia coli YidC is a 61 kD protein of the inner (cytoplasmic)
membrane and is composed of 6 transmembrane (TM) segments and a
large periplasmic domain in between TM1 and TM2 [2]. It is a very abun-
dant protein with roughly 2500 copies per cell [3] compared to 500
SecYEG proteins [4]. YidC functions as an insertase catalyzing the trans-
membrane insertion of newly synthesized membrane proteins without
containing an energy resource domain such as an ATPase. Most likely,
YidC uses hydrophobic force to promote membrane insertion just by
binding nascent chains and facilitating their entrance into the lipid
bilayer.
Structure function studies have shown that the 5 C-terminal TM
segments are particularly important for its insertase function [5]. On the
other hand, the large periplasmic protein domain does not seem to be
involved in the insertase function since over 90%of this domain can bede-
leted without impacting membrane insertion. X-ray crystallographic
analysis has revealed that the periplasmic domain has a super-β-
sandwich fold [6,7]. One possible function of this domain is that it may
be involved in the folding of the periplasmic regions of inserted
substrates.
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the location of the TM segments of the E. coli YidC was predicted [2].
TM1 spans themembrane from residue 6 to 23with theN-terminus fac-
ing the cytoplasm and is lipid embedded (Fig. 1). Proximal to TM2 is a
surface exposed membrane-associated helix (residues 330 to 352),
which is important for function [5]. TM2 spans the membrane from
354 to 370 and contains several crucial residues, that when mutated
to serines, inactivate the protein [5]. TM3 is long, from 417 to 442 and
predicted to be tilted. This region contains a number of helix breaking
amino acid residues, including P419, G421, G422, P425, and P431 near
the cytoplasmic side of the TM segment. Interestingly, TM3 contains a
PXXGmotif starting at P419 and ending at G422. Such motifs have pre-
viously been shown to increase the ﬂexibility in channel proteins [8].
Two mutations, C423R and P431L, both localized in TM3 cause a cold-
sensitive phenotype emphasizing the importance of this region for
YidC activity [9]. TM4 is predicted to span the membrane from 463 to
481. TM5 and TM6 are predicted to span the membrane from 494 to
510 and from 512 to 529, respectively, with a short, ﬂexible loop in be-
tween [10]. The cytoplasmic tail at the C-terminus of YidC is rather short
and can also be deleted without any impact on YidC function [5]. In
many YidC homologues this region is extended and interacts with the
ribosomal exit channel [11].
To determine structural features of the YidC protein, a low resolution
structure of E. coli YidC has been obtained by analyzing 2D crystals with
cryo-electron microscopy [12]. Two different dimer formations were
found in the crystal and were assigned to anti-parallel orientations.
The proposed substrate pore resided in a horseshoe-like structure con-
sistentwith amodel where the substrate enters and leaves YidC lateral-
ly. YidC–ribosome complexes have also been investigated by cryo-
electron microscopy [13]. Nascent chain complexes with SecM-stalled
Foc protein revealed a YidC-moiety located at the ribosome exit channel.
This structure in decylmaltoside (DM) had a resolution of 14.4 Å. The
electron density was modeled with a dimeric YidC but the contribution
of the bound detergent was not considered. A higher resolution model
of a YidC–ribosome complex at 8.6 Å was recently obtained with a C-
terminally extended YidC interacting with the ribosomal protein L29
[14] (Fig. 2). At this resolution it is clear that YidC was bound to thePf3 TM1 TM2 TM3
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Fig. 1. Topology and contact sites ofmembrane insertase YidC and its substrate Pf3 coat protein
of YidC are shown, highlighting the observed disulﬁde cross-links (residues involved are marke
into the Pf3 coat protein at positions 24 (periplasmic leaﬂet, blue), 28 (membrane center, red)
single cysteine at one of the amino acid residues in the TM segments. The cross-links were ideribosome as a monomer and the electron density showed individual
transmembrane domains. This structure allowed to orient the
C-terminal domain of YidC with respect to the ribosomal protein L29.
In this latter study, a YidCnascent chain complexwithMscLwas obtain-
ed by arresting MscL with a TnaC sequence added after TM2 of MscL.
In addition to the cryo-electron microscopy studies, the oligomeric
state of YidC has been investigated with ﬂuorescence cross correlation
spectroscopy (FCCS) with two differently labeled YidC proteins [15].
These structural studies showed monomers of YidC bound to ribosome–
nascent–chain (RNC) complexes. Only when RNC was limiting some
YidC oligomers were observed. In contrast, earlier studies by Boy and
Koch [16] had shown by Blue-Native PAGE that YidC is exclusively dimer-
ic and dissociates in the presence of SDS to monomers. Therefore, it ap-
pears, that YidC can oligomerize but the minimal functional unit is a
monomeric YidC.
3. Gene organization of YidC
In E. coli, YidC is located at 83.69 min on the chromosome. A promot-
er region is present within the upstream gene yidD and a terminator
stem loop is positioned 22 bp after the stop codon of the YidC gene, sug-
gesting a monocistronic transcription of the YidC gene [17]. However,
YidC might also be part of a 5-gene operon encoding proteins involved
in protein synthesis and membrane biogenesis [18]. The gene order is:
rpmH, rnpA, yidD, YidC, and trmE. Brieﬂy, rpmH codes for the ribosomal
protein L34 a protein that is in proximity to the L23 protein located at
the docking site where SRP and trigger factor bind the nascent
chain at the ribosome exit region. rnpA encodes the protein component
of the RNase P. RNase P not only processes precursors of tRNAmolecules
but also cleaves the 4.5S RNA of SRP. In this operon, trmE encodes an
enzyme involved in tRNA modiﬁcation and which is involved in
glutamate-dependent acid resistance. Interestingly, overexpression of
the GadX and GadY transactivators involved in glutamate-dependent
acid resistance alleviates the growth defect of YidC depletion,
suggesting that one consequence of YidC depletion is an increased
acidity in the cytoplasm [19]. The GadX/GadY transactivators may help
alleviate this acidity increase by regulating the amounts of glutamateperiplasm
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. The sequence of the transmembrane (TM) segments of the Pf3 coat protein and the 6 TMs
d by the corresponding color) between the two proteins [51]. A single cysteinewas placed
or 33 (cytoplasmic leaﬂet, green) and expressed for 30 s in the presence of YidC that had a
ntiﬁed after immunoprecipitation and PAGE.
Fig. 2. Cryo-EM reconstruction of an RNC–YidC complex [14]. YidC of E. coli with a
C-terminal tail of R. baltica (red) was bound to ribosomes (gray) containing a stalled
MscL protein chain (green). The contacting L24 and L29 proteins are shown in orange.
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uses up a proton in the cytoplasm and therefore decreases the acidity
[19]. yidD encodes a peripheral membrane protein that might be in-
volved in the membrane insertion process because yidD can be
crosslinked to nascent membrane proteins [20]. However, yidD is not
an essential component and its absence has only a weak effect onmem-
brane insertion of YidC-only substrates.
4. Stress responses and physiological functions of YidC
Understanding stress responses induced upon YidC depletion pro-
vides clues to the physiological contribution of YidC to the bacterial cell.
A hallmark of YidC depletion is an induction of the phage shock
response [21,22]. The strong induction of the phage shock protein PspA
observed upon YidC depletion is in accordance with membrane-related
defects such as a perturbation in respiration, which decreases the proton
motive force [21]. However, the effect observed upon YidC depletion is
much stronger than when the membrane potential is dissipated [18].
PspA is known toovercomemembranedefects preventingproton leakage
[23]. Another stress response that is induced is the Cpx response pathway,
most likely because membrane insertion and particularly membrane
protein folding is impaired under YidC depletion conditions [24].
There is also induction of chaperones when YidC is depleted. Proteo-
mic studies showed that ClpB, DnaJ, DnaK, GroEL and HtpG are induced
upon YidC depletion [25]. In another study, the levels of the chaperones
GroEL, DnaK, HﬂC, and HﬂK were increased also in the inner membrane
fraction upon YidC depletion [26]. HﬂC and HﬂKmost likely can function
as chaperones by themselves as well as modulating the activity of quality
control FtsH protease [27]. Gene chip analysis revealed that gene expres-
sion of the chaperones PpiA, DnaJ, trigger factor, ClpB, GroES, and GroEL is
upregulated [22]. This latter study showed that YidC is important for cell
division as depleting YidC probably causes secondary defects in cell divi-
sion resulting in signiﬁcantly longer cells. Also, YidC is important for cell
motility as the motility is strongly reduced when YidC is depleted [22].
A recent study using YidC-antisense RNA showed that the YidC depleted
cells are susceptible to membrane-active compounds like eugenol and
carvacrol which may affect membrane integrity and ﬂuidity [28].
To summarize, there are many physiological functions of YidC. YidC
functions in membrane protein insertion as an independent insertase
[29,30], but can also function in conjunction with the SecYEG
translocase to insert proteins [31]. In its Sec-dependent capacity, YidChas been proposed to function also as an assembly site for the packing
of TM segments of multi-spanning membrane proteins to generate
their helical bundles. This packing activity may be the reason why
YidC functions as a foldase for certain membrane proteins [32–34].
YidC has also been implicated in the assembly of membrane protein
complexes since the assembly of many oligomeric complexes depends
on YidC [21,26]. YidC may also be involved in the quality control of
membrane protein complexes since it copuriﬁes with the quality
control protease FtsH and the chaperones HﬂC/HﬂK [35].
5. The targeting of YidC-dependent membrane proteins
Three distinct pathways direct YidC-dependent proteins to the
membrane. The mechanosensitive channel protein MscL requires YidC
for membrane insertion and SRP for targeting [36]. SRP is the universal
membrane targeting factor that directs nascent proteins to the SRP
receptor and then to the Sec machinery for membrane insertion and
translocation [37]. The SRP of E. coli is comprised of the Ffh protein
and a 4.5S RNA of 138 bases in length; the SRP receptor consists of a
single protein, FtsY. Interestingly, the SRP/FtsY targeting components
facilitate the insertion of MscL that is catalyzed by YidC [36]. Both Ffh
and FtsY depletionswere found to inhibit MscL insertion into themem-
brane, showing MscL is targeted by the SRP pathway. SRP may also be
involved in targeting Foc (subunit c of the ATP synthase) [38] (although
this is controversial [39]). In vivo depletion of the targeting components
led to inhibition of Focwith aHA tag but had little effect on the insertion
of Foc with another C-terminal tag [39]. In vitro depletion of SRP did not
affect insertion of Foc into inverted membrane vesicles [30] suggesting
that SRP requirement might not be strict for Foc.
Other substrates that only require YidC (YidC-only substrates) are
targeted and inserted into the membrane independently of SRP. The
best example is the M13 procoat protein. Depletion of Ffh does not in-
hibit membrane insertion [40]. Rather procoat is targeted to the mem-
brane via an electrostatic mechanism by the interaction of the
positively charged residues in the N- and C-terminal regions of the pro-
tein with the negatively charged lipid head groups [41]. Similarly, the
Pf3 coat protein inserts by a SRP-independent, though YidC-dependent
mechanism [42]. Most likely, the Pf3 coat protein is targeted by an elec-
trostaticmechanismas is the YidC-only substrateM13procoat although
direct evidence for this is not available.
Interestingly, in some organisms, YidC can function as a ribosome
receptor anddirectly accepts the insertingmembraneprotein. Thismech-
anism was ﬁrst observed with the mitochondrial YidC homologue Oxa1,
which was shown to bind ribosomes [11]. The nascent mitochondrially-
encoded membrane proteins were targeted cotranslationally directly to
Oxa1. This targeting mechanism may be necessary for mitochondrial
proteins synthesized in the matrix because mitochondria lack SRP
and the SRP receptor. The mitochondrial Oxa1 proteins contain a large
C-terminal soluble matrix-localized domain, which is positively
charged, that functions in ribosome binding. Interestingly, this feature
of Oxa1 is also found in the Gram-negative bacterium Rhodopirellula
baltica. Its homologue E. coli YidC, which lacks the extended C-terminal
domain, binds only weakly to ribosomes [15]. The replacement of the
short C-terminal domain of YidC with the extended C-terminal domain
of R. baltica YidC results in a less FtsY-dependent insertion of MscL. The
YidC fusion protein binds strongly to ribosomes, in particular to the
ribosomal L29 protein [14]; (Fig. 2).
6. The molecular mechanism of the YidC only insertion
Since the discovery of YidC in 2000, only a handful of YidC-only sub-
strates have been discovered (Fig. 3). These substrates include the M13
procoat and Pf3 coat proteins [43,44], the ATP synthase subunit Foc
[30,38,39,45], MscL [36] and the C-tailed anchor protein TssL [46]. In
addition, some domains of membrane proteins, such as the N-terminal
segment of CyoA, are inserted by a YidC-only mechanism [47,48].
Pf3coat M13procoat Subunit c
N
N
N Periplasm
MscL
N
C
TssL
Fig. 3. Substrates of YidC-only. The single-spanning Pf3 coat protein, the double-spanning
M13 coat protein, the subunit c of the ATP synthase, themechanosensor proteinMscL and
the C-tailed protein TssL are shown.
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translocated regions. For these short translocated regions, YidC is sufﬁ-
cient for promoting membrane insertion [29,30].
During the membrane insertion step, YidC contacts its substrates by
its TM regions [42,49]. The YidC substrate contact sites have been
mapped using disulﬁde mapping with single cysteine mutants in the
substrate and in YidC. These contacts occur shortly after synthesis and
were monitored after a 30 sec pulse labeling. In particular, several
residues in TM3 were shown to contact the substrate [49,50] as well
as residues within TM1, TM4, and TM5 [51]. Fig. 1 summarizes the
observed contacting residueswithin the TM segments of YidC for the re-
spective Pf3 coat single cysteine mutants. The contacting residues line
up at one predicted helical face in each of the respective TMs of YidC.
Since most of these residues are very hydrophobic (phenylalanines)
YidC-substrate binding is most likely driven by hydrophobicity. Inter-
estingly, it was found that a range of substrate residues without a sided-
ness of a helical preference can be crosslinked to the same YidC cysteine
residues suggesting that substrate can move within the membrane
perpendicular to the membrane [49].
Substrate binding to YidC has been investigated also using biophysical
methods. First, employing the change in ﬂuorescence upon binding of Pf3
coat to YidC that has prebound 1-Anilinonaphthalene-8-sulfonate (ANS)
in detergent [52], the KD binding constant of Pf3 coat to YidC was deter-
mined to be about 1 μM. Second, changes in the intrinsic ﬂuorescence of
tryptophan residues of liposome-incorporated YidC were observed
upon binding of the Pf3 coat, indicating a substrate-induced conforma-
tional change occurs within the reconstituted YidC protein [53]. Third,
employing lifetime and anisotropy ﬂuorescence measurements of single
tryptophan residues located in the periplasmic loops of YidC [10], it was
shown that Pf3 coat binding to YidC results in conformational changes
in each of the periplasmic loops, particularly the P1 region. All three peri-
plasmic regions show major conformational movements upon binding
substrate, with the backbone motions in the P1 and P3 regions being
most pronounced.
More recently, single molecule technology has been utilized to
examine the membrane insertion process in a more quantitative
fashion. In order to do this, the Pf3 coat protein, with a ﬂuorescent dye
incorporated in the N-tail, was added to the membrane vesicles and
translocation of the N-tail region into the lumen of the vesicle was de-
termined by quenching the outside ﬂuorescence with the membrane
impermeable iodine [54]. These studies showed that Pf3 coat inserts
into YidC proteoliposomes but not into pure liposomes. However, by in-
creasing the hydrophobicity of the TM segment of Pf3 coat, the protein
can insert spontaneously into liposomes, showing that YidC is only re-
quired when the substrate protein contains a moderately low hydro-
phobic TM segment. In another single molecule study, Winterfeld
et al. [53] used FRET to examine the membrane insertion process in
more detail. Brieﬂy, Pf3 coat was labeled with a donor and YidC was la-
beled with an acceptor at various sites. This study determined that
translocation of the amino-terminal tail occurred within 2 msec and
the insertion rate was 500 molecules s−1 at 25 °C. In addition, the acti-
vation energy (Ea) was measured to be ~32 KJ mole−1 for the travers-
ing of the Pf3 coat hydrophilic region, which is in the range of
56 KJ mole−1 calculated by using a modiﬁed GES scale [61].7. The coordination of YidC with the Sec translocase
YidC can also function in conjunction with the Sec translocase to in-
sert proteins into the membrane. Such YidC–Sec-dependent substrates
include subunits a and b of the ATP synthase and the twin arginine
translocase TatC [39,45,55,56]. How exactly YidC insertase and the Sec
machinery work together to insert membrane proteins is not clear but
is being actively studied.
The coordination of YidC with the Sec translocase is facilitated by
YidC forming a functional complex with the Sec translocase. For in-
stance, when SecY with a C-terminal His tagwas puriﬁed by nickel che-
late afﬁnity chromatography YidC was copuriﬁed with the SecYEG/
SecDFyajC complex [31]. YidC can form a complex directly with
SecDFyajC, suggesting that SecDFyajC acts as a bridge to bring YidC
close to the SecYEG machinery [57]. Speciﬁcally, SecF binds to the
YidC residues 215 to 265 in the P1 domain. This periplasmic region of
YidC consists of a short exposed α-helix and a long ﬂexible loop
[7,58]. However, the interaction of YidCwith SecDFyajC is not necessary
for the YidC Sec function. It was found that YidC with a large deletion in
the P1 domain does not interact with SecF but still functions to insert
the YidC–Sec dependent protein subunit a of F1Fo ATPase and a M13
procoat derivative [58].
Work of Koch and coworkers mapped the YidC–SecY contacts [59].
In this study, photocrosslinking was observed between SecY and YidC
when the photoactivatable probe was introduced into the lateral gate
region of SecY in TM2b, TM3, TM7 and TM8. Interestingly, the addition
of a nascent chain substrate changed the YidC–SecY interaction at the
lateral gate to other sites. The YidC–SecY contacts were also observed
in the absence of SecDFyajC, indicating SecDFyajC is dispensable for
YidC–SecY interaction.
The emerging data suggest that membrane insertion of substrate
proteins occurs at the YidC/Sec interface in bacteria. Neugebauer et al.
[60] showed that YidC–Sec dependent MscL mutants with either three
added asparagine residues or two added aspartic acid residues in the
periplasmic loop interact with YidC and SecY. Both MscL TM segments
were crosslinked to YidC at the TM1, TM3, and TM5 regions and to
SecY at the lateral gate region. Interestingly, even the wild-type MscL
that requires only YidC for insertion was crosslinked to SecYEG and
YidC. This suggests that both YidC and SecYEG are surveying the mem-
brane proteins as they are inserting into the membrane.
8. YidC substrate determinants
Many, but not all of the YidC-dependent substrates are characterized
by negatively charged residues in the periplasmic region. The M13
procoat protein has four negatively charged residues and one positively
charged residue in the periplasmic region. The Pf3 coat protein has two
negatively charged residues in the N tail region that gets translocated to
the periplasm.MscL has three negatively charged residues and two pos-
itively charged residues in the periplasmic loop. When both negatively
charged residues of the Pf3 coat protein were substituted with un-
charged residues membrane insertion was inhibited [61]. Thus,
negatively charged residues may be a YidC determinant. Indeed, in mi-
tochondria, the degree bywhich proteins are Oxa-dependent correlates
with the number of negatively charged residues in the translocated
region [62].
In addition, negatively charged residues in TM segments have been
proposed to be a determinant. Price and Driessen [63] showed that sub-
unit K of the NADH: ubiquinone oxidoreductase (NuoK) inserts in a
YidC/Sec dependent manner. NuoK is characterized by two conserved
negatively charged residues in TM2 and TM3. Interestingly, substitution
of the two negatively charged residues to positively charged residues
resulted in Sec-dependent insertion where YidC was not needed,
suggesting an importance of negative charges for YidC dependence.
While negative charges can be a YidC determinant, positively
charged residues can be a YidC/Sec determinant. Starting with a
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positively charged residue added to the translocated region of single
span membrane proteins resulted in a YidC-dependent protein. Inter-
estingly, the negatively charged construct inserted by a YidC-only
mechanism while the positively charged mutant inserted by a YidC-
Sec dependent mechanism [64].
Another possible YidC determinant was proposed by screening a
plasmid library encoding membrane proteins with a GFP reporter
fused at the cytoplasmically facing C-terminus of the protein [65]. The
identiﬁed cells showed a difference in the ﬂuorescence pattern under
YidC expressed and YidC depleted conditions. Interestingly, many of
the proteins that were affected by YidC depletion were membrane pro-
teins that had an unbalanced charge distribution around one or more
TM regions that did not follow the positive inside rule. Correcting the
charge misbalance around the TM segments of CrcB resulted in mem-
brane assembly independent of YidC according to the assays used by
the authors. Correct insertion and folding were assayed by the ability
of CrcB to be membrane solubilized by the detergent Triton X100.
Misinserted and misfolded proteins were assumed to be resistant to
detergent extraction and therefore found in the pellet. Inversely, it
was possible to convert the YidC independent protein YaiZ to a YidC-
dependent protein by changing the charge distribution ﬂanking the
TM segments to make it misbalanced.
Probably the most important YidC determinant is a TM segment
with moderate hydrophobicity. Ernst et al. [54] showed that there is a
correlation between the overall hydrophobicity of the TM segment of
Pf3 coat and the degree of YidC dependence for insertion according to
the GES hydrophobicity scale. For example, as the hydrophobicity of
the Pf3 coat TM segment was increased by substituting the two Ala res-
idues at positions 30 and 31 with two Thr, Leu, Val, Phe, Ile, or two Met
residues, respectively, an increasingly higher proportion of insertion
was detected into liposomes lacking YidC. Also, Pf3-LepTM with a very
hydrophobic TM segment inserts independently of YidC or Sec while a
negatively or positively charged residue in the TM segment resulted in
a strict YidC-dependent insertion [64]. Taken together, the results
strongly support the hypothesis that YidC is required for insertion of
membrane proteins with moderate hydrophobic TM regions.
9. The assembly of multimeric membrane proteins by YidC
In addition to the role in membrane insertion, YidC is important for
the assembly of membrane protein complexes. The ﬁrst evidence for
this is that YidC depletion leads to a large defect in the activity of the
F1Fo ATPase and cytochrome bo oxidase complexes [21].
Wickstrom et al. [26] recently discovered that when YidC is depleted,
the level of F1Fo ATP synthase in the inner membrane is substantially
reduced by roughly 60%. This is expected since subunits a, b, and c all
require YidC for membrane insertion. Similarly, Stuart and colleagues
showed that themitochondrial homologue Oxa1 binds the synthase sub-
unit Atp9, the homologue of the bacterial subunit c. This interaction is es-
sential for a subsequent binding of Atp6, the homologue of the bacterial
subunit a and for the assembly of the holoenzyme [66]. Consistent with
the chaperone activity of YidC, His-tagged YidC copuriﬁes with subunit
c [25].
Like the ATPase, the assembly of themembrane protein complex cy-
tochrome bo oxidase is reduced bymore than 50%when YidC is deplet-
ed [26]. This is reasonable because it is well-established that YidC is
required for the membrane insertion of CyoA; a failure to insert CyoA
would prevent the formation of the complex. The assembly function of
YidC for this complex is also supported by the fact that CyoA and CyoB
copurify with YidC [25].
Also, YidC is very important for the activity of NADH dehydrogenase
under semiaerobic conditions, but less so under aerobic conditions [21].
Under aerobic growth conditions the main oxidation activity comes
from NADH dehydrogenase II, which is monomeric. Under semiaerobic
conditions the 14 subunit NADH dehydrogenase I (NuoA-N), whichcontains 8 integral membrane subunits, is expressed. Obviously, YidC
is important for the assembly of the oligomeric state of the NADH dehy-
drogenase 1 complex as the amount of the complex is reduced by
roughly 30% after YidC depletion as demonstrated by Blue Native
PAGE [26]. Since membrane insertion of the subunit NuoK depends on
YidC, this decrease in the amount of the membrane complex may also
be due to an inhibition of NuoK insertion [25]. A hint for a possible par-
ticipation of YidC in the assembly of this complex is that two other sub-
units, NuoC and NuoD, copuriﬁed with His-tagged YidC [25]. Further
studies need to be done in order to understand the assembly of NADH
dehydrogenase 1, involving both the membrane and soluble subunits,
and the exact role of YidC in this process.
Lastly, YidC has been shown to be critical for the assembly of the
maltose transporter, composed of MalFMalGMalK2. MalF and MalG are
integralmembrane subunits whileMalK is a soluble subunit that associ-
ates with MalF/MalG on the cytoplasmic side of the membrane. By
Blue-Native PAGE, the levels of MalFGK2 complex under YidC depletion
condition were 6% of the levels that were found at YidC expression con-
dition [26]. This reduced amount of the complex under YidC depletion is
due to the fact that YidC is critically important for the folding and stabil-
ity ofMalF [33]. This suggests that YidCmaybe important for the correct
TM–TM packing of MalF that is required for the proper folding of the
sugar transporter in the lipid bilayer. However, one caveat of the genetic
depletion studies is that it can cause secondary effects such as a reduc-
tion of the proton motive force, which might affect the folding of MalF
and the assembly of the maltose transporter.
10. Homologues from other bacteria
YidC homology among Gram-negative bacteria is easily recognized
by their high sequence similarity and the presence of 6 TM regions
[17]. Sequence identities are mainly found in the TM2, TM3 and the
C1 segments. High homology of the TM regions underlines the function-
al importance of the TMdomains. The P1 domains show high variability
in sequence and length.
Intriguingly, also the C-terminal regions of YidC among Gram-
negative bacteria are quite variable. In the E. coli YidC, only a short re-
gion is found, comprised of 16 amino residues. However, R. baltica and
Oceanicaulis alexandrii have C-terminal regions of 80 and 99 residues,
respectively [14]. It has been shown that these longer tails can bind to
ribosomes. For R. baltica, this region tightly binds to the ribosomal pro-
tein L29 [14]. The ribosome binding of these YidC homologues suggests
that their C-terminal region functions in protein targeting, allowing
cotranslational membrane insertion. Indeed, experimental evidence
supports this view and shows that membrane insertion can occur
under SRP receptor-compromised growth conditions [14].
The YidC homologues of Gram-positive bacteria are clearly distinct
since they have only 5 TM regions and short periplasmic N-terminal
tails. They are synthesized with a cleavable signal sequence [67]. There-
fore, the YidC core region encompassing TM2 to TM6 of the E. coli en-
zyme is conserved throughout all eubacterial genomes characterized
so far. When expressed in E. coli, these Gram-positive homologues
showed functional activity for membrane insertion of substrates as
well as assembly of the FoF1 ATP synthase complex [68]. This clearly
shows that the YidC proteins from different organisms share the same
function. Most but not all Gram-positive bacteria have two YidC genes
most likely due to an early gene duplication event. For example, two
YidC genes are found in Bacillus, Lactobacillus, Clostridium and in some
Actinobacteria. The two paralogues differ in their phylogeny and were
classiﬁed in two different subgroups designated as YidC1 and YidC2
[69,70]. In Bacillus subtilis, both paralogues are synthesized as precursor
proteins with an N-terminal cleavable lipoprotein signal peptide [71].
The YidC1 group speciﬁes a short C-terminal region similar to the
E. coli protein, whereas YidC2 has an extended C-terminal region that
contains numerous positively charged residues. For Streptococcus
mutans, either YidC1 or YidC2 could be deleted without compromising
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viability [72]. YidC2 is required for growth under acid stress condition or
high salt conditions [68]. YidC2 is proposed to be particularly important
for the assembly of the F1Fo ATP synthase complex that is needed to
pumpprotons out of the cytoplasm in an ATP-dependentmanner. Inter-
estingly, in S. mutans, SRP can be deleted and the cell survives presum-
ably because YidC2 can function as a ribosome receptor [72].
The two YidC paralogues in B. subtilis, designated as SpoIIIJ (YidC1)
and YqjG (YidC2), have different physiological functions. SpoIIIJ is es-
sential for sporulation [67] and appears to be the main YidC in
B. subtilis. SpoIIIJ regulates the expression of YqjG required for vegeta-
tive growth [73]. Only one of the YidC paralogs is essential for vegetative
growth and the double-knockout is lethal [71]. Recently, the regulation
mechanism of YqjG by SpoIIIJ has been investigated in detail. Just up-
stream of YqjG is the gene encoding the sensor protein MifM that is
membrane inserted by SpoIIIJ [74]. As long as MifM is membrane
inserted, a hairpin loop on the mRNA masks the Shine-Dalgarno se-
quence that is required for the translation of YqjG encoded downstream
on the same mRNA. When the activity of SpoIIIJ is reduced and mem-
brane insertion of MifM is inhibited, translation of mifM is arrested.
This results in an unfolding of the hairpin loop and expression of YqiG
is induced [74]. Therefore, YqiG compensates for the low activity of
SpoIIIJ in the cell. The stalling mechanism of MifM when insertion is
inhibited involves multiple sites at consecutive codons in YqiG [75].
Taken together, the two paralogues found in Gram-positive bacteria
not only provide different physiological functions for the cell [76], but
their regulation is part of a complex network operating in cell differen-
tiation, sporulation and membrane assembly.
11. The mitochondrial Oxa proteins
Similar to Gram-positive bacteria, two YidC paralogues are found in
most mitochondria, designated as Oxa1 and Oxa2. They reside in a
separate clade that is phylogenetically not directly related to YidC1
and YidC2 [69]. Reminiscent to YidC of marine eubacteria, Oxa1 has an
extended C-terminal tail that binds to the ribosomal exit channel.
Crosslinking experiments have shown that ribosomal Mrp20 and
Mrp40 contact Oxa [77]. These ribosomal proteins are homologues of
the bacterial L23 and L24, respectively, that contact YidC [13]. Oxa1 fa-
cilitates the insertion of the mitochondria-encoded inner membrane
proteins of the respiratory chain complex as well as the ATP synthaseEubacteria
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arose.subunits ATP6, ATP4 and ATP9, related to the bacterial subunits Foa,
Fob and Foc, respectively [66]. Oxa1 is also involved inmembrane inser-
tion of nuclear encoded proteins such as the carrier proteins [78] and
Mdl1, a 6-spanning multidrug transporter [79]. Mdl1 requires TIM23
for the transfer of N- and C-terminal domains into the matrix, whereas
the insertion of TM3, TM4 and the intervening loop requires Oxa1. For
this insertion mechanism, a tight coordination of Oxa1 with the TIM23
complex is required [79].
Themitochondrial Oxa2 was initially found as an essential assembly
factor of cytochrome c oxidase and hence named Cox18 [80]. In contrast
to Oxa1, it has a short C-terminal region and is involved in posttransla-
tional membrane insertion of proteins [81]. The translocation of the N-
terminal region of subunit 2 of the mitochondrial cytochrome oxidase
depends on Oxa1, whereas the negatively charged C-terminal region
requires Oxa2 (Cox18) [82].
Fourmitochondrial Oxa homologues have been recently been found
inArabidopsis thaliana [83]. Oxa1, Oxa1b and twoOxa2 proteinswere all
shown to localize to mitochondria using GFP fusion proteins. Homozy-
gous knockout plants were only obtained with Oxa1b, suggesting that
all the other homologues are essential for life.12. The Alb proteins in chloroplasts
The thylakoidal membranes of chloroplasts contain two YidC
paralogues, Alb3 and Alb4. Mutations in Alb3 lead to pigment deﬁcien-
cy,most likely due to impairedmembrane insertion of the light harvest-
ing chlorophyll-binding (LHCP)-proteins [84]. Since Alb3 directly
interacts with the thylakoidal Sec translocon (cpSecY) it is most likely
used by many membrane proteins that require both the Sec translocon
and Alb3, as found with YidC in E. coli. Since the LHCP proteins are
nuclear-encoded, they are ﬁrst transported across the chloroplast enve-
lope by the TOC/TIC machinery. Then, LHCPs bind to the SRP complex
consisting of cpSRP54 and cpSRP43 that targets the proteins to the
thylakoid [85,86]. The interaction of Alb3 with cpSRP43 has been stud-
ied [87]. The chromodomains 2 and 3 within SRP43 interact with the
C-terminal tail of Alb3. In addition, SRP43 interacts with a membrane
embedded region of Alb3 near the stromal end of TM5 [88]. Besides
directing the insertion of LHCP, Alb3 homologues in Chlamydomonas
reinhardtii are involved in the assembly of the photosystems PS1 and
PS2 [89].Mitochondria
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the thylakoid [90]. Alb4 lacks the SRP interacting domain at the C-
terminal tail and therefore has a different function than Alb3. Recent ex-
periments suggest that it is required for the assembly and stability of the
chloroplast FoF1 ATP synthase [91]. Furthermore, Alb4 has been shown
to bind to CF1β and CFoII, suggesting a role in the assembly of the pro-
tein complex.
13. Evolution of the membrane insertases
The phylogenetic tree of membrane insertases reveals 6 subbranches
that evolved from a common ancestor [70]. These subbranches specify
two bacterial branches (YidC, YidC1, SpoIIIJ) and (YidC2, YgjG), twomito-
chondrial branches (Oxa1) and (Oxa2, Cox18) and two chloroplast
branches (Alb3) and (Alb4). In this phylogenetic tree (Fig. 4), the YidC
gene ﬁrst arose in bacteria and later in Gram-positive bacteria where
it was duplicated in the ﬁrmicutes to form the YidC1 and YidC2
subbranches [92]. Further gene duplications must have occurred after
the endosymbiotic event that led to mitochondria and chloroplasts.
The bacteria that are most closely related to mitochondria and chloro-
plasts, proteobacteria and cyanobacteria, respectively, have only a single
copy of the YidC gene. In chloroplasts of green algae, a second gene
duplication revealed Alb3.1 and Alb3.2. During the evolution of land
plants, additional gene duplication events lead to Alb 3.a and Alb3.b and
in diatoms to Alb3-1 and Alb3-2.
In archaea, only members of the euryarchaeota show amarginal ho-
mology to YidC [92] and no functional data supporting this have been
obtained. It is possible that in archaea the gene was lost and its function
replaced by other translocases. Similarly, in the endoplasmic reticulum,
no YidC homologue has been found and membrane insertion is
achieved by the Sec61 translocase and other factors.
The gene duplications observed in mitochondria, chloroplasts and
Gram positive bacteria lead to paralogues with additional functions.
Most of these paralogues have C-terminal extensions that allow pro-
tein–protein interactions. For the Alb3 protein, the C-terminal extension
allows binding to SRP43 [87] suggesting that Alb3 has a targeting role as
well as an insertase function in chloroplasts. Since YidC2 in S. mutans
with its C-terminal extension allows growth evenwhen SRP is knocked
out [72], the extended C-tails may in general support ribosome binding.
The mitochondrial Oxa proteins in heterozygous plants show several
paralogues such as Oxa1a, Oxa1b, Oxa2a and Oxa2b [83]. It has been
found thatmany of the Alb/YidC/Oxa paralogues differ in their substrate
preference and therefore differ in their function [76,83,91]. Taken to-
gether, the gene duplications broaden the physiological range of sub-
strates used by YidC members during cell evolution.
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